INTRODUCTION
For the past decade, there has been a critical need within the geological and geophysical communities for a next-generation data infrastructure to develop a new level of constraints on the geodynamics and tectonic evolution of major geologic systems on Earth. The Colorado Plateau-Basin and Range region in Arizona and New Mexico is an example of such a major tectonic regime (Fig. 1) . A broad range of geophysical and geological data sets have been used to characterize the spatial and temporal aspects of the regional tectonic history. Many of these data sets are publicly available, enabling the development and testing of geodynamical models for the area in a comprehensive fashion. Of primary importance is the ability to perform combined analyses of signifi cantly different geological and geophysical data sets in a common framework without the requirement of a deep understanding of high-level data analysis tools or software. Additionally, such a data system must be accessible to the scientifi c community, complete with the ability to download raw data, metadata, and supplemental information.
The goal of the SWGEONET initiative (http://www.geoinformaticsnetwork.org/swgeonet/) is to provide the necessary infrastructure for an online, interactive data analysis and mapping system with associated data and metadata stores. SWGEONET is a collaborative effort between Arizona State University (ASU) and the University of Texas, El Paso (UTEP) to establish an online geological and earth science data repository. The backbone of this resource utilizes geographic information system (GIS) tools, which enables data sources to be easily collected and organized in a centralized location and common geospatial framework, while serving the needs of a wide range of users. We utilize ArcGIS, a software package created by Environmental Systems Research Institute (ESRI-http://www.esri.com/), due to its ease of use, wide acceptance in the geologic community, and integrated Internet publishing capabilities. Although GIS tools have not traditionally been used for deep (i.e., subcrustal) Earth geophysical applications, nearly every geophysical data set can be incorporated into the GIS environment. Although many geophysical data sets exist that cover the broad Colorado Plateau-Basin and Range region, most are stored at different institutions, in a variety of data formats, and with a range of map projections. A primary goal in A r i z o n a T r a n s i t i o n Z o n e Colorado Plateau Basin and Range this component of the SWGEONET project has been to centralize these data, establish an organizational scheme and framework for displaying these data, and develop innovative methods of data analysis using GIS as the primary analysis tool.
The centralized collection of these geophysical data, combined with the case studies described in this paper, can provide an improved synthesis of the tectonic history of the Colorado Plateau and Basin and Range regions by enabling a new approach to data integration. In this paper, we review the overall tectonic setting of the southern Colorado Plateau-Basin and Range region with special emphasis on processes causing regional surface deformation and structural anomalies in the subsurface. We then describe the geophysical data sets incorporated into the SWGEONET database and how each data set relates to aspects of the Colorado Plateau-Basin and Range region. Finally, we utilize GIS tools to combine pairs of these data sets and examine several case studies investigating regional tectonic processes. The results of these analyses provide new constraints on the relationship between a subset of geological and geophysical data sets previously unable to be compared in such a direct way.
TECTONIC SETTING OF THE COLORADO PLATEAU-BASIN AND RANGE REGION
The Colorado Plateau and southern Basin and Range province have experienced large-scale continental assembly, deformation, and eventual stability over the past ca. 2 Ga, and regional-scale uplift and deformation over the past ca. 100 Ma. The Laramide orogeny (80-40 Ma) and subhorizontal subduction of the Farallon plate led to magmatism, deformation, formation of high topography, and crustal thickening in the Colorado Plateau-Basin and Range region (Coney and Harms, 1984; Dickinson and Snyder, 1978) . NW-oriented shear in the San Andreas system and a decrease in lateral support caused an eventual collapse of the topographically high region (Dickinson, 1989) . E-W extension in the Basin and Range at ca. 15 Ma (Ward, 1991) and/or lithospheric delamination (e.g., Gao et al., 2004) caused further crustal thinning and extension along the Rio Grande rift in New Mexico. At ca. 8-10 Ma, crustal thinning waned (Eberly and Stanley, 1978) and the Colorado Plateau was uplifted, reversing the regional drainage from NE-directed (Laramide) to S-directed, and the Colorado River drainage basin was integrated from the southwestern Rocky Mountains to the Gulf of California.
A fundamental issue in western United States tectonics remains that the timing and duration of these regional events have not yet been resolved (Hendricks and Plescia, 1991) . Key questions include the origin of support of the Colorado Plateau uplift, the state of isostatic compensation of the Colorado Plateau, and the extent of crust and mantle coupling during Basin and Range extension. Determining these relationships in a more integrated fashion can help us understand the larger picture of regional dynamics. Table 1 shows the range of data sets included in the SWGEONET geophysical database. These data sets were chosen for their degree of coverage of the study region, accessibility, and relevancy to the geophysical sciences. They can be divided into three main categories: point and continuous seismic data, gridded potential fi eld data, and vector and miscellaneous data. In this section, we describe the basic characteristics of each of these data sets and refer the reader to both the references and our Web site (http://www.geoinformaticsnetwork. org/swgeonet/) for details. In raw form, the database contains nearly 500 MB of data and associated metadata.
DATA SETS

Shear Wave Tomography
Seismic tomography provides information regarding the physical state of Earth's mantle and crust through imaging seismic wave speed variations. These variations generally are controlled by differences in temperature and/or composition-characteristics that affect material properties and thus the shear wave speed through a medium (e.g., Helffrich and Wood, 2001) . High seismic wave speeds are commonly inferred to represent areas of Lee, 2002) . The SWGEONET database includes the shear wave regional tomography model NA00 (van der Lee, 2002) calculated using the partitioned waveform inversion method (Nolet, 1990) . Included in the database are 20 depth slices from NA00 approximately every 20-30 km transiting from the Moho to the base of the upper mantle. The model grid spacing is 0.25° in latitude and longitude, with 926 points covering Arizona and New Mexico within each model layer.
The NA00 shear wave model reveals several key features of mantle structure beneath the western United States (Fig. 2) . First, a large, high velocity anomaly dips to the east from western North America. This N-S-trending feature ranges from ~3% faster than the surrounding rock at 50 km depth to ~1% faster at ~400 km depth and is interpreted to be the remnants of the subducted Farallon plate (van der Lee, 2002) . Other seismic images of the region exhibit similar attributes. For example, Grand et al. (1997) produced independently derived high-resolution global tomography models for both P and S waves. Below the southern portion of the United States and extending into Mexico, they found a high velocity anomaly that dips to the east and extends to depths of nearly 2700 km that they also interpret to be the subducted Farallon slab.
Results from the LA RISTRA array, a linear array of 57 broadband seismometers extending from southeastern Utah to western Texas (Gok et al., 2003) , provide higher-resolution estimates of regional seismic velocity structure. While not included in our current data set, their results indicate the presence of a regional high shear wave velocity anomaly that dips toward the E to SE , though the geometry of LA RIS-TRA is such that the true dip of this anomaly cannot currently be resolved. Additionally, Gao et al. (2004) imaged a large low velocity anomaly centered beneath the Rio Grande rift. They infer that this low velocity anomaly may be the result of shallow mantle rising beneath the thinned lithosphere of the rift. West et al. (2004) used surface wave inversion of LA RISTRA waveforms to determine upper mantle seismic structure with good depth resolution of seismic wave speed variations. Their results confi rm that the low seismic wave speed anomaly is shallow (~55-90 km) and likely does not originate from deep mantle upwelling. They also note a general thinning of the lithosphere from ~120-150 km beneath the Colorado Plateau to ~45-55 km beneath the Rio Grande rift.
Receiver Functions
Receiver functions provide a means of imaging fi rst-order discontinuities in seismic velocities. In particular, they supply information regarding the depth to and sharpness of discontinuities, which are controlled by variations in temperature and/ or composition (e.g., Ammon, 1991; Langston, 1977; Owens and Zandt, 1985) . For most regional studies, the primary discontinuities of interest include the crust-mantle boundary (the Moho), a discontinuity usually considered to be due to compositional variations (e.g., Jarchow and Thompson, 1989) . In addition, upper mantle discontinuities nominally found at 410 km and 660 km depth are generally ascribed to phase changes in olivine (Helffrich and Wood, 2001) . Variations in the depth of these discontinuities can be due to thermal variations and/or compositional variations (e.g., Gilbert et al., 2003; Helffrich and Wood, 2001) .
Receiver functions are commonly used to highlight converted seismic phases that originate from the existence of these discontinuities. The calculation of a receiver function typically involves deconvolving the vertical component of ground motion from the radial component (Ammon, 1991; Langston, 1977; Owens and Zandt, 1985) . This operation effectively isolates the converted P-to-S phase ("Ps"), which arrives several seconds after the primary P arrival. The time difference between P and Ps is converted to a depth assuming an average one-dimensional reference seismic velocity model such as IASP91 (Kennett and Engdahl, 1991) or PREM (Dziewonski and Anderson, 1981) . For regions with adequate coverage, receiver functions are typically stacked and spatially averaged to reduce noise and emphasize discontinuities Sheehan, 1997, 1998; Gilbert et al., 2003) .
The receiver function data set in the SWGEONET database is derived from regional studies by Gilbert et al. (2003) and Gilbert and Sheehan (2004) that covered much of Nevada, Utah, and Colorado. While the data sets are located north of the overall SWGEONET coverage area, it still provides an important regional study that can be correlated with receiver function analyses currently under way along the southern Basin and Range-Colorado Plateau region from a new regional broadband seismometer array (Fouch et al., 2005) .
These data sets provide depths relative to the Moho, 410 km, and 660 km discontinuities. They use a total of nearly 1000 receiver functions to determine the values shown in Figure 3 . The data set includes grids with 190, 138, and 142 points for the Moho, 410 km, and 660 km discontinuities, respectively. Data points represent the location of common piercing points for statistical bins used to average the data. Each data point contains spatial reference information, average bin value of the depth to the discontinuity, and associated measurement error.
Variations in discontinuity structure are prevalent across the region (Fig. 3) . They indicate a relatively thin crustal thickness of 25-30 km beneath the Basin and Range, thickening to 45-50 km beneath the Colorado Plateau region. Depth variations of the 410 km discontinuity are also evident (Fig. 3) . In particular, slightly elevated depths of 400 km to 410 km are present in the western Basin and Range, and slightly depressed depths of 410 km to 420 km are prevalent along the Colorado Plateau. Similarly, variations in the 660 km discontinuity structure are present across the region. A small N-S-oriented relatively shallow discontinuity between 640 km and 655 km is evident beneath the Rocky Mountains in the center of the study area, while a relatively deeper 655 km to 670 km anomaly is apparent to the east and west beneath the Colorado Plateau and Basin and Range. Gilbert et al. (2003) concluded that there is not a strong correlation between the depths to the 410 km and 660 km discontinuities. This result suggests that a dynamic upwelling from mantle transition zone depths is likely not the cause of support of the high elevation in the western United States.
Shear Wave Splitting
Constraining the location and extent of deformation beneath the Colorado Plateau-Basin and Range region is an important component of unraveling the tectonic history of the region. A key method for inferring deformation in the lithosphere and sublithospheric mantle is via measurements of seismic anisotropy, or the dependence of seismic wave speeds on propagation and polarization direction. Seismic anisotropy in the upper mantle is likely generated by fi nite strain-induced lattice-preferred orientation (LPO) in mantle minerals, primarily olivine (e.g., Karato and Wu, 1993; Ribe, 1989; Silver and Chan, 1988) . Seismic anisotropy is expressed through shear wave splitting, in which a shear wave passes through an anisotropic medium and splits into fast and slow quasi-shear waves with orthogonal polarizations (e.g., Silver, 1996; Savage, 1999) . The orientation, strength, and coherence of the anisotropic layer can be measured for each split shear wave by calculating a fast polarization direction, φ, and a splitting delay time, δt.
The SWGEONET shear wave splitting data set contains 58 measurements of shear wave splitting (Fig. 4) Figure 3 . Results of receiver function analyses near the study region (Gilbert et al., 2003; Gilbert and Sheehan, 2004) for the Moho (A), 410 km depth (B), and 660 km depth (C). Values are shown as perturbations from estimated median depth. Region shown here is slightly north of the main study area.
results from Gok et al. (2003) , Ruppert (1992) , Sandvol and Ni (1994) , and Sandvol et al. (1992) . Attributes of these data include station name and location, shear wave splitting parameters (φ, δt), measurement error, and data source. Some stations have multiple measurements associated with them; in these cases, the database includes all measurements and the necessary metadata to distinguish between them. Shear wave splitting across the SWGEONET study region is generally uniform (Fig. 4) . The most prevalent trend is NE-SW fast polarization directions that are subparallel to North America absolute plate motion (Gripp and Gordon, 2002) , particularly within the southernmost Colorado Plateau and southern Basin and Range (Ruppert, 1992; Sandvol and Ni, 1994) . These fast directions are also parallel to regional Proterozoic terrane boundaries but are not parallel to current Basin and Range extension (Bird, 2002; Ruppert, 1992; Fouch et al., 2005) . Splitting results from the LA RISTRA array also exhibit fast polarization directions oriented NE-SW for regions of the Rio Grande rift and northern Colorado Plateau (Gok et al., 2003) . Conversely, in the southern Rio Grande rift, fast directions rotate to a more N-S direction and are nearly parallel to the rift axis (Sandvol et al., 1992) . Splitting times range from ~1.0-2.0 s, indicating moderate amounts of anisotropy in the subsurface. These values are somewhat larger than the global average of 1.0 s (Silver, 1996) . Gok et al. (2003) concluded that mantle fl ow in a NE-SW direction is the likely cause of the bulk of the fast polarization directions across the region, possibly resulting from fl ow or counterfl ow initiated by the subduction of the Farallon plate. In related work, Silver and Holt (2002) conclude that the mantle fl ow is likely a result of both mantle density heterogeneity and decoupling of the overriding North American plate from the underlying mantle. Current analyses under way along the southern Basin and Range-Colorado Plateau region from a new broadband seismometer array will help elucidate the details of the source of shear wave splitting across the region to address this current debate (Fouch et al., 2005) .
World Stress Map
The stress state within Earth's crust can be measured through observations of hydrofracturing, young geologic structures, earthquake focal mechanisms, and wellbore breakouts. The SWGEONET database contains 71 stress measurements that lie within the boundaries of Arizona and New Mexico and were collected from the World Stress Map project (Fig. 5) (Reinecker et al., 2003) . In addition to the orientation of maximum horizontal compressive stress, each entry contains information regarding the location of the measurement, the method used to determine the stress fi eld, measurement error, and a quality ranking (Reinecker et al., 2003) .
The directions of maximum horizontal compression (S HMax ) in our study region are generally oriented N-S, but the limited number of data points does not allow for more than a generalized discussion of stress variations. Across the Rio Grande rift, S HMax directions show a general N-S trend, while to the west in the southern Colorado Plateau and Basin and Range regions, S HMax data exhibit both NW-SE and NE-SW trends. Across the Rio Grande rift, the direction of S HMax is oriented orthogonally to the regional E-W-oriented extension direction.
Heat Flow, Thermal Conductivity, Heat Production
Heat fl ow, thermal conductivity, and heat production measurements provide information about local thermal anomalies, as well as the thermal state of the lithosphere and the deeper mantle. Local thermal anomalies can be important indicators of the tectonic evolution of a region. Heat sources within Earth may be radiogenic in nature, or from physical thermal anomalies such as magma bodies. Heat fl ow values are calculated using Fourier's Law (q = k × dt/dz, where q is heat fl ow, k is thermal conductivity, and dt/dz is thermal gradient). The thermal conductivity of a rock is a measure of its ability to transfer heat and is generally dependent upon composition and density. Heat production is a Note general E-W to NE-SW fast direction trend across the western portion of the study area, and NE-SW to N-S trend across the Rio Grande rift region to the east.
measure of the heat internally generated in a rock as the result of the decay of its radioactive constituents. The SWGEONET heat data set is derived from Pollack et al. (1993) and references therein. The heat fl ow data set consists of 589 data points within Arizona and New Mexico, each with station name, location, and heat fl ow value (Fig. 6 ). Similar attributes are available for the thermal conductivity data set, which contains 475 points within Arizona and New Mexico (Fig. 7) . The heat production data set only contains 38 individual data points, many of which are located in the southern regions of the states (Fig. 8) .
A Assuming that heat fl ow is controlled primarily by a lithospheric thermal boundary layer, the measurements in our study region provide reasonable estimates of lithospheric thickness variations (Pollack et al., 1993) . Higher heat fl ow values generally suggest a thinner lithosphere, while lower heat fl ow values suggest a thicker lithosphere, causing the heat source (mantle) to be farther away from the surface. Alternatively, regional crustal thickness differences may be the source of the heat fl ow variations. The low heat fl ow anomaly over northern Arizona corresponds with the thick crustal root of the Colorado Plateau (McQuarrie and Chase, 2000) , while the higher values in the southern region of the state are consistent with the estimates for a relatively thin crust in that area (e.g., Frassetto et al., 2004) . In New Mexico, Keller and Baldridge (1999) estimate a thin (25-30 km) crust beneath the southern Rio Grande rift and shallow mantle fl ow, yielding higher than average heat fl ow measurements. These conclusions are consistent with the high heat fl ow anomaly of 100-180 mW/m 2 across the Rio Grande rift region.
Gravity
Gravity anomaly data provide information on crustal thickness variations, local density anomalies, and depth to bedrock. In order to obtain complete Bouguer anomaly (CBA) values, calculations are made to account for the effects of latitude, elevation, and nearby topographic effects (e.g., Keller et al., 2005) . The resulting CBA values indicate the variation in observed gravity from expected gravity based on elevation and latitude. Local increases in CBA indicate larger than expected density anomalies, while local decreases in CBA indicate smaller than expected density anomalies.
The SWGEONET gravity data set contains 147,862 CBA data values in a 15° by 8° region covering Arizona and New Mexico (Fig. 9) . The data are part of the University of Texas, El Paso, Pan-American Center for Earth and Environmental Studies (PACES) gravity database that was created in cooperation with the U.S. Geological Survey, the National Geospatial-Intelligence Agency, and the National Oceanic and Atmospheric Administration (NOAA) (http://paces.geo.utep.edu/; Keller et al., 2005) . The data exhibit high CBA values across southwestern Arizona and regions of eastern New Mexico. A weak N-Strending linear anomaly exists across the Rio Grande rift in central New Mexico. Keller et al. (1990) showed that the dominant long-wavelength gravity anomalies in the southern Rio Grande rift region are likely the result of thinner crust resulting from rift-related extension. Regional gravity trends across Arizona can likely be explained by the thicker crust beneath the Colorado Plateau and thinner crust beneath the Basin and Range province (Sumner, 1989) . Smaller anomalies within the larger general trends result from features such as sedimentary basins that produce gravity lows (Cordell, 1982; Figure 6. Inverse distance weighted (IDW) grid of heat fl ow measurements compiled by Pollack (1993) . Note the broad high heat fl ow anomalies across the Rio Grande rift region, and the low anomaly across the southernmost Colorado Plateau region. These anomalies are inferred to be due to a thin crust and/or lithosphere, and thicker crust and/or lithosphere, respectively (Keller and Baldridge, 1999; McQuarrie and Chase, 2000) . . Inverse distance weighted (IDW) grid of thermal conductivity measurements compiled by Pollack (1993) . Note the high anomalies beneath the Rio Grande rift and in southern Arizona. Low anomalies are visible in the northern portion of the study region. The direct relationship between heat fl ow and thermal conductivity suggests that regions of higher thermal conductivity (Basin and Range, Rio Grande rift) indicate thinner crust and/or lithosphere, and regions of lower thermal conductivity (Colorado Plateau) indicate thicker crust and/or lithosphere (Keller and Baldridge, 1999; McQuarrie and Chase, 2000) . Figure 8. Inverse distance weighted (IDW) grid of heat production measurements compiled by Pollack (1993) . Note high heat production anomaly in southern Arizona and the eastern regions, and low anomaly across much of the northern regions. 1999; Seeley and Keller, 2003) and metamorphic core complexes that produce gravity highs (Sumner, 1989) .
Geodetic Velocity Field
Relative plate motions can be determined through the use of high-resolution global positioning systems (GPSs) and Very Long Baseline Interferometry (VLBI). The SWGEONET Geodetic Velocity Field (GVF) data set contains high-precision GPSderived plate motions that provide important information regarding the deformation of western North America.
The GVF data set contains only four data points within Arizona and New Mexico, as much of the measurement effort is currently focused on the San Andreas fault system (Fig. 10 ) (Bennett et al., 1998) . Direction and speed of surface motion are in vector form, with spatial reference information for the location of the observation point and associated error for the velocity value. Uncertainties for site velocities are on the order of 1-2 mm/yr.
The direction of GVF vectors for our study region exhibit an approximately SW-directed plate motion assuming the ITRF2000 reference frame with no net rotation (http://www.iers.org/iers/pc/ itrs/). An ~2 mm/yr velocity gradient exists across the region. To the west, the infl uence of plate-boundary-parallel fl ow along the San Andreas fault system abruptly changes the direction and rate of surface motion.
CASE STUDIES: EXAMPLES OF INTEGRATED DATA ANALYSIS USING GIS
The data sets included in the SWGEONET database individually provide important constraints on geophysical structure across the Colorado Plateau-Basin and Range region. A primary goal of this study, however, is to provide a mechanism by which to integrate these data sets in a more quantitative form. Below we present four examples of analyses using GIS to combine these data sets as an integrative tool for further investigation of this complex region.
Case Study #1: Gravity Versus Elevation
The goal of this case study was to examine density anomalies and isostatic compensation beneath the Colorado Plateau and the Basin and Range province of Arizona and New Mexico. Isostatic compensation is an important tectonic phenomenon in the Colorado Plateau-Basin and Range region (McQuarrie and Chase, 2000) , yet it is integral to determining the mechanism of the Colorado Plateau uplift without signifi cant lateral deformation across the region. During this study, we derived a simple method for identifying regions that may be isostatically overcompensated or undercompensated.
We fi rst compared the complete Bouguer gravity anomaly (CBA) data set to the USGS HYDRO1k digital elevation model (DEM) (http://edcdaac.usgs.gov/gtopo30/hydro/na_dem.asp). We gridded the CBA data set using an inverse distance weighted (IDW) algorithm with an original resolution of 3.7 km/pixel, and a DEM resolution of 100 m/pixel. To provide consistent information for the analysis, we then resampled each data set to 1 km/ pixel resolution. The results of this analysis show an overall linear trend of increasing elevation with decreasing gravity values (Fig. 11) . Such a trend is expected, as CBA is calculated to vary as a linear function of elevation. This fi rst-order linear trend suggests that most of the region is isostatically compensated. Populations of outliers beyond this fi rst-order linear trend, however, demonstrate higher-order complexity in the region. Using GIS, we extracted the geographic locations of the outlier populations and compared them to regions of positive and negative relief for the Arizona and New Mexico region (Fig. 12) . To fi rst order, we Figure 10 . Absolute plate motion of the study area relative to a stable point in North America, in mm/yr using high-precision GPS measurements. Data from http://cfawww.harvard.edu/space_geodesy/WUSC/; GPS site velocities for the SWGEONET region from http://sps.unavco.org/crustal_ motion/dxdt/model/. Data are plotted using the ITRF2000 reference frame with no net rotation. Uncertainties for site velocities are on the order of 1-2 mm/yr. Note the increase in velocity in the southwestern portion of the study area showing a SW-directed fl ow of the Colorado Plateau and Basin and Range with ~2 mm/yr velocity gradient across the region. To the west, the infl uence of plate-boundary-parallel motion along the San Andreas fault system abruptly changes the direction and rate of motion. San Juan San Juan Basin Basin R io G r a n d e R if t R io G r a n d e R if t found an upper outlier population corresponding to regions of strong positive relief, and a lower outlier population corresponding to regions of strong negative relief. Chase et al. (2002) concluded that at 0.25° (~30 km) resolution, the Colorado Plateau and much of western North America is isostatically compensated. However, at a higher resolution of 1 km/pixel, our analysis identifi ed several areas that are not consistent with this conclusion, and demonstrates that shortwavelength compensation is not ubiquitous across the region.
Some regions of negative relief, such as the Grand Canyon, the San Juan Basin, and the Rio Grande rift, may correspond to regions of overcompensation (Figs. 12 and 13A ). For some regions such as the Grand Canyon, this result might be due to terrain corrections in the CBA calculation that cannot fully account for fi rst-order discontinuous topographic changes (i.e., the steep walls of the canyon). Variations for other regions with broader negative relief, such as the San Juan Basin and the Rio Grande rift, are more likely due to thick low-density sediments in these low-lying regions. Another possible interpretation is that crustal density is lower or crustal thickness is higher than assumed, though this possibility is less likely for these regions.
Some areas of strong positive relief, such as the Kaibab uplift in northern Arizona and the metamorphic core complexes in southern Arizona, are located within undercompensated regions (Figs. 13A and 13B ) that cannot be explained solely by inaccurate terrain corrections (e.g., Reynolds and Spencer, 1985) . One possible explanation for this observation is that this region contains a higher crustal density or thinner crust. Reynolds and Spencer (1985) suggest that large-scale detachment faults delivered metamorphic rocks beneath these core complexes during the Mesozoic and Tertiary, providing the source for high densities across the region.
The inference of regional crustal density variations suggests large-scale variations in rock composition beneath these tectonic regimes. A higher-density crust could suggest major magmatic modifi cation such as underplating in the history of the region, while a lower-density crust might suggest more sedimentary rock deposition or emplacement of felsic batholiths. While these issues currently have nonunique solutions, the addition of data sets in an integrated framework will improve our understanding of these correlations in the future.
Case Study #2: Receiver Functions Versus Tomography
In this case study, we examine the regional consistency between receiver functions and seismic tomography images to evaluate the correlation between these data sets near upper mantle seismic discontinuities. We utilized receiver function data from Gilbert et al. (2003) at depths of 410 km and 660 km, and data from depth slices of 419 km and 669 km from the three-dimensional seismic velocity model NA00 (van der Lee, 2002) . We assume that both seismic velocity perturbations and upper mantle discontinuity depth differences are primarily determined by thermal variations (e.g., Helffrich and Wood, 2001 ). Temperature increases tend to reduce seismic velocities, while temperature reductions tend to increase seismic velocities. Temperature increases near the 660 km discontinuity would cause it to elevate, while temperature decreases would cause it to depress. Conversely, temperature increases near the 410 km discontinuity would cause it to depress, while temperature decreases would cause it to elevate. Reduced mantle temperatures therefore result in a thicker upper mantle transition zone, while elevated mantle temperatures result in a thinner upper mantle transition zone.
To evaluate possible correlations in mantle thermal structure from these independent seismic data sets, we calculated the ratio of upper mantle discontinuity depth variation to seismic velocity variation at corresponding nearest points. We defi ne a ratio R as
where ΔD is the variation in discontinuity depth relative to the median value, and ΔV S is the variation in S-wave velocity of NA00 relative to the MC35 one-dimensional seismic velocity model (van der Lee, 2002) .
Near 410 km, the combination of a shallower relative discontinuity depth (negative ΔD) and a higher relative S-wave velocity (positive ΔV S ) would produce a negative R value, suggesting a temperature decrease. Similarly, a deeper relative discontinuity depth (positive ΔD) and a lower relative S-wave velocity (negative ΔV S ) would produce a negative R value, suggesting a temperature increase. For the 410 discontinuity, a negative R value therefore implies a change in thermal properties consistent with both data sets. Conversely, near the 660 km discontinuity, a shallower relative depth (negative ΔD) and a slower relative S-wave velocity (negative ΔV S ) would produce a positive R value, suggesting an increase in temperature. A deeper relative discontinuity depth (positive ΔD) and a faster relative S-wave velocity (positive ΔV S ) would suggest a temperature reduction. For the 660 discontinuity, a positive R value therefore implies a change in thermal properties consistent with both data sets.
Near 410 km, positive R values are generally present beneath much of the region, particularly the study area (Fig. 14A) . Our analysis therefore suggests no regional thermal correlation beneath the study area. Conversely, near 660 km, negative R values are present beneath the study area and therefore do exhibit a clear regional thermal correlation (Fig. 14B) .
Interestingly, our results are not consistent with the interpretation of cool thermal anomalies due to Farallon slab subduction (e.g., van der Lee, 2002) or regional lithospheric delamination (e.g., Gao et al., 2004) . While the observed variations in mantle structure could be due to regional compositional differences, the effects of these variations are less well constrained and are therefore beyond the scope of the current work. The fi rst-order analyses performed here should be more fully evaluated using improved techniques that more fully examine the possible threedimensional regional model space. We also note that the bulk of the study region is near the southern edge of the current data set, Kaibab Uplift Kaibab Uplift G r a n d C a n y o n G r a n d C a n y o n A B and that new analyses in the heart of the study region will provide better constraints on this structure (Fouch et al., 2005) .
Case Study #3: Crustal Stress Versus Seismic Anisotropy
Here we examine correlations between observations of crustal stress and seismic anisotropy to evaluate the extent of mechanical coupling between the crust and mantle during deformation. Seismic anisotropy can be observed via examination of the birefringence, or splitting, of seismic shear waves. It is generally caused by deformation in the crust and/or mantle, providing a good marker for mapping strain and/or strain history. In the crust, seismic anisotropy can be caused by cracks, layering, and mineral alignment in the brittle upper crust, or fl ow, layering, and mineral alignment in the ductile lower crust. Similarly, mantle anisotropy likely develops from deformation in the lithosphere, fl ow in the sublithospheric mantle, or a combination of both (e.g., Savage, 1999 Savage, , 2002 Silver, 1996) . For a scenario in which the crust and mantle are fully coupled, the direction of maximum compressional stress in the crust (S HMax ) and shear wave splitting fast directions (FD) in the mantle should be parallel. Conversely, for scenarios where the crust Gilbert et al. (2003) . A: 410 km region. Positive R values across much of the region suggest a lack of regional correlation between receiver function and tomography data sets. B: 660 km region. Negative R values across much of the region suggest a lack of regional correlation between receiver function and tomography data sets. and mantle are fully decoupled, S HMax and FD will not necessarily correlate.
We examined the relationship between 36 stress measurements and 30 shear wave splitting measurements within Arizona and New Mexico. We compared the fast polarization direction of the shear wave splitting measurements and the direction of maximum horizontal compressive stress across the study region. Results show a negative correlation between FD and S HMax for regions within the lower Colorado Plateau and transition zone and a positive correlation between FD and S HMax in the Basin and Range region (Fig. 15) . For the southern Colorado Plateau region, azimuths between the two data sets are generally orthogonal, and they are ~20°-25° relative to one other in the Rio Grande rift region. The general consensus is that fl ow in the asthenosphere is primarily responsible for the bulk of these shear wave splitting measurements (i.e., Savage, 2002; Gok et al., 2003; Fouch et al., 2005 ). This conclusion is generally consistent with the results of this analysis, which demonstrate a limited correlation between the S HMax and SWS (shear wave splitting) data sets.
However, due to the small number of measurements, a complete analysis is not yet achievable for this area. Crustal anisotropy could also cause such a discrepancy between values; in the Basin and Range, crustal anisotropy might produce parallel FD and S HMax , perhaps particularly in regions of metamorphic core complexes (Frassetto et al., 2004) . In the Colorado Plateau, the thicker crust and long history of deformation of the region could produce more variability in splitting results. Mantle anisotropy beneath the region could be a result of fl ow from the subducted Farallon slab, a general plate-motion-parallel fl ow pattern, or fl ow parallel to the strike of Proterozoic terrane boundaries that extend into the upper mantle (Fouch et al., 2005) and may not be directly related to S HMax directions.
Case Study #4: Stress Direction Versus Topographic Slope Direction
Here we address the question of whether local topographically driven forces or larger-scale tectonic stresses govern crustal deformation in the region. To accomplish this goal, we examined correlations between local downdip slope directions using digital elevation models (DEMs) and the direction of maximum horizontal compression from crustal stress measurements. Flesch et al. (2001) use a similar method to evaluate the source of tectonic stresses in the Tibetan Plateau.
We obtained stress directions from the SWGEONET World Stress Map data set (Reinecker et al., 2003) , and slope vectors from the 1 km resolution DEM (USGS, 2003: http://edcdaac. usgs.gov/gtopo30/hydro/namerica.asp) of the study region (Fig. 16) . We correlated the azimuth of the maximum horizontal compression (S Hmax ) from the stress values with the azimuth of the downdip direction of slope from 589 locations. For S HMax values ranging from N and NE (and therefore S to SW), there appears to be no correlation with slope direction. For S HMax values oriented approximately NW-SE, there are a greater population of slope directions oriented approximately NW-SE (i.e., approximately parallel to S HMax ) than directions oriented approximately NE-SW (i.e., approximately orthogonal to S HMax ).
Because regional horst and graben features refl ect E-W Rio Grande rift extension, most mountain ranges trend N-S to NE-SW, yielding a higher percentage of E-W to SE-NW downdip slope directions surrounding the Rio Grande rift. A majority of the stress data (~75%) are from this region, and the data may be biased toward showing a N-S-oriented S HMax slope trend for the Rio Grande rift. Additional data in tectonic regimes outside of the Rio Grande rift are required to provide a defi nitive correlation of these data sets. Flesch et al. (2001) examined the Tibetan Plateau and found that slope direction and magnitude greatly infl uence stress azimuths and magnitudes. Similar calculations could be applied to the Colorado Plateau-Basin and Range region if additional stress data were available. Though the Tibetan Plateau is fundamentally different in that it is a large-scale contractional regime, any relationship between slope direction and magnitude with stress is useful in the analysis of other tectonic regimes.
FUTURE DIRECTIONS IN GIS SCIENTIFIC APPLICATIONS
The assembly of several geophysical data sets and the four case studies performed using GIS in this study showcase some of the powerful tools available for the SWGEONET project and similar scientifi c GIS efforts. We have described a suite of GIS tools that allow for scientifi cally valuable questions to be addressed in new ways.
While we successfully utilized GIS tools to import, manipulate, and visualize several data sets, drawbacks to employing these GIS tools still exist. For example, some symbols commonly used in geophysical applications are not available in this system, and thus data sets were sometimes visualized using nonstandard means. Symbols used to display stress measurements were not included as part of the standard library of tools provided with the GIS software, so several symbols had to be combined to create the necessary output. Furthermore, geodetic velocities are typically presented as vectors with error ellipses at their heads. We were unable to implement this symbology standard in ArcGIS. Tools such as Generic Mapping Tools (GMT) (Wessel and Smith, 1998) often provide these functions, but are not always fully compatible with propriety data formats used in GIS. One solution would be to either provide support for these functions through a new version of the GIS software or a third-party add-on, or integrate the tools and symbols of GMT into the GIS software.
An improved GIS system for the SWGEONET project would include, in an intuitive and highly confi gurable manner, all necessary geological and geophysical symbols used to describe data. Additionally, in the current confi guration, basic mathematical and conditional operations between point and raster data sets can be performed, but comparisons between these data types are diffi cult. The ability to easily compare and perform mathematical operations between point and raster data sets would therefore be an important improvement.
An improved system might also have the ability to export selected data as a module to be given to another party. This module could contain only raw data for a given region for all layers, corrected and plotted data for the region, or a combination thereof. The module would require no additional software and a minimum of hardware. It could also be used as part of a teaching module, without having to worry about extraneous data not required for the lesson. On a larger scale, the ability to enable users to import their own data into the online distribution system would signifi cantly improve the total volume of data for a given project, while diverting resources needed to maintain the data sets to the data providers. As hardware resources increased, data sets outside of the geophysical sciences could be added, such as data from geochemical, petrological, and mineral physics studies.
Several other projects have attempted to develop similar types of databases, often with a high degree of success. For example, the Planetary Interactive GIS-on-the-Web Analyzable Database (PIGWAD) (http://webgis.wr.usgs.gov/) is an online interactive database used for the analysis of planetary map data sets. Users can add and remove data layers to suit their needs, export data, and retrieve metadata as needed. Like the SWGEONET database, the PIGWAD database contains many forms of data, including point, line, polygon, and raster (gridded) data sets. Scientifi c comparisons can also be done via an Internet interface, much like the SWGEONET project. (Fig. 5) . Note general E-W slope orientations, primarily due to the N-S-trending horst and graben tectonic features from regional extension. Figure 15 . Shear wave splitting fast directions (black lines) and directions of maximum horizontal compression (blue lines) from the SWS (shear wave splitting) data set (Fig. 4) and stress data set (Fig. 5) . Note the low azimuthal correlation near the Rio Grande rift, and nearly orthogonal orientations on the Colorado Plateau. Basin and Range values show some correlation, but the low number of measurement points prevents further conclusions.
As another example, the burgeoning GEON project (http:// www.geongrid.org/) aims to achieve a larger-scale goal of an earth-science-based multidisciplinary database. The GEON project provides the framework necessary for projects such as the SWGEONET initiative, in terms of both software and hardware needs. It also spearheads the effort to combine multiple genres of earth science in new and technologically advanced ways. A partner effort of the GEON project is NAVDAT (North American Volcanic and Intrusive Rock Database; http://navdat.geongrid. org/), which enables users to utilize a wide range of published chemical and age data for Late Cretaceous to Holocene igneous rocks in western North America. Products include interactive regional maps and visualizations of eruption age and chemical variations. This utility is an excellent example of a multidisciplinary approach to understanding earth science problems.
The combination of resources to enable progress of scientifi c research, visualization, modeling, and analysis will help further the exploration and understanding of large, complex Earth system dynamics. This paper presents a prototype of the vision represented for the earth science community by GEON. Incremental steps such as the one presented here are the beginning of a new path that taps the tools of cyberinfrastructure to lead us to an improved understanding of Earth systems.
CONCLUSIONS
The SWGEONET database provides a new framework for geophysical studies of the southwestern United States. We have incorporated a broad range of geophysical data sets into the GIS framework and have provided it to the public in an online, interactive data analysis and management system. We demonstrated through four case studies that these data sets can be interactively analyzed to provide new constraints on the dynamics of the Colorado Plateau-Basin and Range region. Features from similar data systems in other fi elds can be integrated to provide a new level of functionality with this system. The SWGEONET database is a signifi cant step toward GEON, an integrated data system that hopes to provide a new level of transdisciplinary research in the earth sciences.
